BACKGROUND/OBJECTIVE: The high incidence of liver disease associated with intravenous soybean lipid has led to development and use of alternative intravenous lipid emulsions (ILEs). The aim of this study was to compare two new/mixed ILEs: a mediumchain triglyceride (MCT) combined with soybean (i.e., Lipofundin) and a combination of both these lipids with additional olive and fish oils (SMOF). SUBJECTS/METHODS: Neonates/premature infants newly starting parenteral nutrition (PN) treatment and children with abnormal liver function tests, alanine transferase (ALT), alkaline phosphatase (ALP), γ-glutamyl transferase (γ-GT) 1.5x upper limit of normal and/or total bilirubin 450 μmol/l for 42 weeks on treatment with PN containing pure soybean ILE (Intralipid 20%; Fresenius Kabi), were started on/changed to either SMOF or Lipofundin. Results of biochemistry and clinical outcome were compared on commencing and discontinuing treatment according to the new ILE used. RESULTS: One hundred and twenty-seven children aged 0-16 (median 0.6) years were included. Fifity-six were given Lipofundin and 71 SMOF. Fifty-three of 127 started PN for the first time and 74 had had previous treatment with Intralipid. During treatment, ALT and ALP levels fell significantly (P o 0.008 on SMOF; P o 0.05 on Lipofundin), with additional significant reduction in γ-GT with SMOF. Hyperbilirubinaemia incidence decreased from 34% on starting to 24% on discontinuing treatment (P ⩽ 0.05). Infection rate/1000 catheter days, full blood count, serum triglyceride and cholesterol levels were similar with both ILEs. CONCLUSION: Addition of MCT to soybean ILE was associated with improved liver function. There was an even greater improvement when olive and fish oils were also added with higher incidence of resolution of abnormal liver function tests and reduced inflammation.
INTRODUCTION
Parenteral nutrition (PN) is effective supportive treatment for severe intestinal failure (IF).1 A common and potentially lifethreatening complication is IF-associated liver disease (IFALD). Major risk factors for IFALD include prematurity, lack of enteral intake, recurrent catheter-related bloodstream infection (CRBSI)/ sepsis and duration and components of PN. [1] [2] [3] [4] [5] Constituents of PN solutions implicated in the aetiology of IFALD include excess carbohydrates, amino acids and, perhaps most commonly, lipid. 1, 6 Intravenous lipid emulsions (ILEs) are incorporated in PN to provide an energy-dense source of non-protein calories and essential fatty acids (EFAs). 2 The precise manner in which ILEs contribute to IFALD is unclear and probably involves multiple mechanisms. 1, 4, 5, [7] [8] [9] The first safe ILE developed was derived from soybean oil. 10 Soybean provides Ω-6 long-chain polyunsaturated fatty acids 11 and minimal amounts of Ω-3. Problems associated with the use of Ω-6 fatty acids include reduced biliary secretion, 12, 13 promotion of an inflammatory response and impaired immunity. 14, 15 The phytosterol component of soybean has been associated with liver disease. 12, 13 In contrast, reversal of severe cholestasis in infants has been described with a pure Ω-3 fish oil-based ILE (Omegaven 10%; Fresenius Kabi Deutschland GmbH, Bad Homburg, Germany). 4, 7, [16] [17] [18] [19] [20] [21] [22] [23] [24] In addition, mixed ILEs containing olive oil and medium-chain triglyceride (MCT) have also been associated with less IFALD. [25] [26] [27] [28] [29] Although safety data using mixed ILEs have been published for premature infants 28 and children on long-term/home PN, 27 previous studies have not compared efficacy of different ILEs. The aim of this study was to compare safety and efficacy of two new ILEs: Lipofundin, composed of MCT and long-chain triglycerides 20% (a physical mixture, 1:1 by weight, of soybean and coconut oil; Lipofundin, B-Braun) and SMOFlipid 20% (a physical mixture of 30% soybean, 30% MCT, 25% olive and 15% fish oil; SMOF, Fresenius Kabi) in terms of safety, weight gain and outcome in hospitalised children receiving PN.
MATERIALS AND METHODS

Study population
The study was performed retrospectively in a specialist paediatric hospital from November 2006 to September 2010. Please see Table 1 for details of the ILEs used. Standard ILE was pure soybean (Intralipid 20%; Fresenius Kabi). Patients were treated with new ILEs in the following circumstances:
(1) Patients already on Intralipid (ranging from 0.5 to 3 g/kg per day) were changed to a new ILE if IFALD (defined as alkaline phosphatase (ALP), alanine aminotransferase (ALT) or γ-glutamyl transferase (γ-GT)) increased to 1.5 times the upper limit of the reference range or total bilirubin 450 μmol/l (⩾2.9 mg/dl) for ⩾ 2 weeks developed.
(2) Premature infants o36 weeks gestation expected to need prolonged PN for 42-3 weeks and therefore at high risk of IFALD, for example, postgastrointestinal surgery, 30, 31 were treated with Lipofundin or SMOF on commencing PN.
The same criteria were used to change or start either new mixed ILE. Lipofundin was available from the start of the study period and SMOF from when licensed in 2009. Other than changing from 70% isopropanol to 2% chlorhexidine in 70% isopropanol to disinfect connectors and catheter hubs for connecting/disconnecting PN infusions, there were no changes in practice during the period studied.
Study design
Details of patients treated with new ILEs were obtained from hospital pharmacy records. Additional clinical information taken from patients' medical records included gender, age, primary diagnosis, prematurity and gestational age, length of hospitalisation and treatment with ursodexoycholic acid (15-30 mg/kg per day). Outcome of IF was recorded including development of enteral autonomy,that is, successful weaning from PN to enteral feed, persistent IF (children discharged home on PN), small bowel/ liver transplantation or death. Cause of death if potentially related to PN, for example, sepsis or liver failure was recorded.
Outcome of three higher risk groups, that is, total hyperbilirubinaemia 450 μmol/l (⩾2.9 mg/dl) for ⩾ 2 weeks, neonates/infants aged o1 year and patients treated with PN 427 days, 32 were reviewed separately.
Parenteral nutrition 33 PN was 'cycled' as soon as blood glucose was maintained off PN. Enteral feed was introduced when 0.5 ml/h was tolerated.
Laboratory safety parameters and outcome
Laboratory data recorded on starting and stopping PN included albumin to indicate liver synthesis, ALT as a liver enzyme marker, and total and conjugated bilirubin, γ-GT and ALP to assess cholestasis. Metabolic measurements included serum triglycerides, cholesterol and coagulation markers: platelets, prothrombin time (PT) and fibrinogen. Additional safety indices included full blood count and C-reactive protein (CRP).
CRBSI episodes/1000 central venous catheter (CVC) days were recorded. CRBSI was diagnosed when blood culture was positive with no other infective focus. Broad-spectrum antibiotics were administered via the CVC, and then tailored according to sensitivities of cultured bacteria.
Ethics
The study was approved by the Chair of the Local Research Ethics Committee. Further formal ethical consideration was considered unnecessary.
Statistics
Statistical analyses were performed with SPSS Software (version 18.0 Mac; SPSS, Chicago, IL, USA). Continuous variables were presented as median, minimum and maximum values, and categorical data as absolute frequencies and proportions. Fisher's exact test was used for comparisons of proportions and paired t-test and t-test for continuous data. P-value of o0.05 was considered significant.
RESULTS
Patient demographics
One hundred and twenty-seven children (67 (53%) male, 60 (47%) female) were treated; 71 with SMOF and 56 with Lipofundin ( Table 2) . Fifty-three patients were started on a new ILE at the time of commencing PN and 74 were transferred from Intralipid. Age on starting treatment ranged from birth to 16 years, with a median of 0.4 years for SMOF and 0.7 years for Lipofundin (P = 0.05 for age difference).
Seventy-four (58%) patients had previously had Intralipid for 19-154 days, with a median of 73 at 2.5-3 g/kg per infusion. New ILEs were given for 20-89 days, with a median of 29 days. Mean total ILE administered/infusion was 2.3 g ± 0.8 SMOF and 2.2 g ± 0.9 Lipofundin, with a range of 0.5-3 g/kg per infusion. The mean soybean content of the ILEs was 0.8 g ± 0.3 in SMOF and 1.1 g ± 0.4 in Lipofundin (P o 0.001). Macronutrients infused were similar in both groups (P = not significant).
No adverse effects were detected and significant weight gain was achieved with both new ILEs (see Table 3 for details). Children had significantly lower albumin on starting SMOF (mean 27 g/l ± 5 compared with 29 g/l ± 6 with Lipofundin, P = 0.03). Albumin increased significantly with both ILEs, but remained significantly lower with SMOF.
CRP levels decreased with both lipids: 46 mg/l ± 49 to 22 mg/l ± 38 (P = 0.02) with SMOF and 35 mg/l ± 31 to 26 mg/l ± 32 with Lipofundin. The reduction was significantly greater with SMOF (P = 0.2).
Incidence of CRBSI/1000 CVC days, full blood count, serum triglyceride and cholesterol levels were similar with both ILEs. There was no hypertriglyceridemia. Eighty-four (66%) patients weaned off PN by the end of the study period, 20 (16%) patients died (17.85% death non-PN-related and 3.15% associated with sepsis and liver failure) and 23 (18%) were discharged home on PN. None of the children were eligible for or underwent small intestinal or liver transplant.
Liver enzymes and bilirubin levels were similar in both new ILE groups on starting treatment (see Table 3 and Figure 1 for details). There was significant reduction in ALT and ALP with both ILEs with additional significant reduction in γ-GT with SMOF. On completing treatment, ALT was significantly lower with SMOF than with Lipofundin (P = 0.01). There were no significantly different changes in total/conjugated bilirubin levels when the two ILEs were compared. Ninety-one patients were treated ursodeoxycholic acid, including 26/59 (44%) SMOF and 14/32 (44%) Lipofundin. Changes in high-risk groups Hyperbilirubinaemia for ⩾ 2 weeks. Forty-four cases (20 SMOF and 24 Lipofundin) had hyperbilirubinaemia 450 μmol/l (⩾2.9 mg/dl) that persisted for ⩾ 2 weeks after commencing a new/mixed ILE (see Table 4 for details). Hyperbilirubinaemia persisted throughout the study period in 20 (6/20 SMOF and 14/24 Lipofundin, P = 0.02). Eleven other cases developed hyperbilirubinaemia on treatment with a new/mixed ILE, that is, during the study period. Of a total of 31 children (20+11), 24% had hyperbilirubinaemia on discontinuing PN. Hyperbilirubinaemia incidence decreased from 44/127, 34% to 31/127 24% (P ⩽ 0.05). A similar proportion of hyperbilirubinaemic cases resolved with both ILEs, that is, 14 (20%) with SMOF and 10 (18%) with Lipofundin (P = 0.8).
Significantly fewer children receiving SMOF had persistent hyperbilirubinaemia on stopping PN compared with those on Lipofundin, that is, 10/71,14%, SMOF versus 21/56, 38% Lipofundin (P = 0.001).
Four (36%) of the 11 patients who developed cholestasis while on treatment were male and seven (63%) were neonates. Median age was 0.7 (range 0.1-16) years. The underlying diagnosis was a primary digestive diagnosis in five (45%). Seven children developed cholestasis while on Lipofundin and in four treated with SMOF (P = 0.2). Median duration of new ILE treatment was 29 (range 20-89) days, with a median total lipid of 2 g/kg per infusion (range 0.5-3). Soybean lipid component was 0.9 g/kg per infusion (range: 0.2-1.5).
Neonates and infants o12 months. Overall liver enzyme levels decreased on treatment with both ILEs in neonates and infants. On stopping treatment, γ-GT levels were significantly lower with SMOF than Lipofundin (P = 0.003 neonates and P = 0.02 infants).
Neonates also had lower ALP levels (P = 0.004) and infants had significantly lower ALT (P = 0.002), with SMOF compared with Lipofundin. Body weight and blood albumin significantly increased with both lipids (P ⩽ 0.02). Neonates treated with Lipofundin had significantly higher albumin on stopping PN than those given SMOF (P = 0.002).
Persistent IF 427 days. Seventy-nine children were treated with PN 427 days [32] , 50 with SMOF and 29 Lipofundin. Twenty-three of 79, 29% had hyperbilirubinaemia on starting treatment, and in six, it developed while on treatment with a new ILE. In 16 of 23, the hyperbilirubinaemia resolved and in 7 it persisted. Six of 79 children developed hyperbilirubinaemia for the first time on a new/mixed ILE. There were no significant differences between the new ILEs when outcome was compared after several months on PN. Twenty-three (18%) patients were discharged home on PN. None of the children underwent liver or small bowel transplant.
DISCUSSION
Both new ILEs were safe and well tolerated even in high-risk groups, such as children with hyperbilirubinaemia, neonates, premature infants and those on long-term PN 427 days. 26, 27, [34] [35] [36] Patients improved nutritionally with significant weight gain (SMOF, P = 0.002; Lipofundin, P = 0.007) and reduced inflammation (CRP decrease with SMOF, P = 0.02; Lipofundin, P = 0.2) with both ILEs. There was a significant reduction in ALT and ALP with both SMOF (P o 0.008) and Lipofundin (P o 0.05), with additional significant reduction in γ-GT with SMOF. The incidence of hyperbilirubinaemia on discontinuing PN decreased from 34 to 24% (P ⩽ 0.05).
Both new ILEs appeared to have advantages over Intralipid and were associated with improved liver function. It is unclear as to what extent improvement was related to reduced soybean in the ILE and hence less accumulation of phytosterols and the proinflammatory effect of Ω-6 fatty acids, as well as inadequate provision of α-tocopherol 37 or to positive effects of the alternative lipid sources, MCT, olive or fish oil. Soybean lipid can reduce bile flow and hence potentiate cholestasis. In contrast, an animal study demonstrated that altering the fatty acid composition of ILEs by using fish oil reduces the severity of PN-induced cholestasis by preserving bile flow and composition by modifying hepatocyte membrane composition and function. 38 Our data suggest that the additional olive and fish oil in SMOF might be more effective than adding MCT alone to soybean ILE in improving hyperbilirubinaemia, cholestasis and inflammation. Although MCT is a calorie-rich compound that lacks the disadvantages of soybean, it does not appear to have the potential anti-inflammatory effects of fish and olive oil. However, Lipofundin contains a higher proportion of soybean ILE than SMOF, that is, 10 g/100 ml as opposed to 6 g/100 ml in SMOF and this alone might account for some of the differences between the two new/mixed ILEs.
Significantly fewer children had persistent hyperbilirubinaemia with SMOF compared with the MCT/long-chain triglycerides ILE despite a similar proportion with each ILE receiving ursodeoxycholic acid. It was not possible to compare the benefit of fish with olive oil as the two were only given in combination. Further Liver function compared with two new/mixed intravenous lipid emulsionsdevelopment and testing of fish and olive oil enriched ILEs and the impact on bile flow is needed. The higher ratio of Ω-3:Ω-6 fatty acids in SMOF of 2.5:1 when compared with Lipofundin (approximately 1:7) would be expected to inhibit the secretion of the proinflammatory cytokines that may injure the liver. 5, 26 There was a significant decrease in blood CRP level with SMOF when compared with Lipofundin that might also be attributed to the Ω-6: Ω-3 ratio. In addition, the Ω-9 content of olive oil has anti-inflammatory properties. Ω-9 decreases the risk of peroxidation and free radical production, which are potentially toxic to the cell membrane structure, circulating lipoproteins and the reticuloendothelial system. 39 One possible disadvantage of fish oil is the lack of Ω-6 and that EFA deficiency might develop, 5 although this has not been evident in pure fish oil ILE studies. 21 None of the children in this study had clinical symptoms of EFA deficiency, but they were all given ILE that included soybean that contains Ω-6 EFAs.
The greater bioavailability and higher concentration of α-tocopherol in SMOF may also contribute to its benefits. Vitamin E is mainly in the γ-isoform in soybean ILE that is less bioavailable than the α-isoform. 26, 40 Higher vitamin E levels with the higher α-tocopherol content of newer ILEs, such as SMOF and Lipofundin, might contribute to improved liver function. 26, 40 The antioxidant effect of the higher vitamin E content could also have a positive anti-inflammatory effect.
There was a 35% (44 of 127 patients) incidence of hyperbilirubinaemia when the new ILEs were commenced with a similar distribution with each lipid. On completing treatment, fewer children had hyperbilirubinaemia with SMOF than with Lipofundin. The management strategy for prevention or treatment of IFALD when PN was still needed was usually to decrease or stop lipid infusion, 4 with the potential to affect adversely weight gain and growth. With new mixed ILEs, a new era of PN has begun in which it may be advantageous to continue administering ILEs in the presence of cholestasis/abnormal liver enzyme levels. A recent study suggested that introduction of fish oil earlier may also affect duration of cholestasis and indeed prevent cholestasis. 22 Although overall the number of patients with hyperbilirubinaemia fell, 11 patients newly developed hyperbilirubinaemia whilst on treatment, 7 on Lipofundin and 4 on SMOF. The aetiology of newly acquired hyperbilirubinaemia might not be related to the ILE at all, but due to other factors such as concomitant administration of hepatotoxic drugs, such as chemotherapeutic medication. However, it is possible that even the lower concentration of soybean oil in mixed ILE formulations may predispose to liver disease in susceptible patients.
ILEs are a major source of non-protein energy. 41 Overall there was a significant increase in weight gain with both lipids. Adequate non-protein calorie intake facilitates effective protein metabolism reflected by a significant increase in albumin concentration with both new ILEs.
Premature neonates are at greatest risk of developing liver damage with PN. [1] [2] [3] Both new ILEs were well tolerated in neonates with a significant increase in albumin and weight gain achieved. With SMOF, there was additionally a significant decrease in ALT and lower ALP and γ-GT levels. New ILEs should be considered as the treatment of choice in neonates. In addition to reduced risk of liver disease, the higher ratio of Ω-3: Ω-6 would be expected to benefit neonatal neurological development and reduce inflammation. Long-term studies including outcome data are required to confirm these findings.
One limitation of this study was that it was retrospective. Second, the two new ILEs have different proportions of soybean ILE as discussed above. Another potential problem was that children with abnormal liver function at the start of treatment who had previously been given Intralipid were included. While initial abnormal liver function could be considered a limitation, we were able to demonstrate that pre-existing liver damage usually resolved with both ILEs. Third, Lipofundin was licensed and used routinely from 2006, whereas SMOF was licensed and used from 2009. It is possible that subtle changes in practice from 2006 to 2009 may have influenced outcome. However, three of the authors regularly performed nutrition rounds during the whole study period and were not aware of any significant changes in practice other than chlorhexidine introduction. The study was performed in children with a great variety of diseases and wide age range from neonates to 16 years that could have made it difficult to draw conclusions. However, these were the range of patients treated at the time of the study and are representative of the types of paediatric patients given PN in current clinical practice in a specialist children's hospital.31 Finally, blood transfusions can impact on liver function and bilirubin levels (data not shown).
CONCLUSION
Our data suggest that a mixed MCT and soybean ILE was an effective and safe alternative to pure soybean ILE. Less liver disease developed de novo, pre-existing liver disease acquired with a pure soybean ILE resolved, and albumin levels and weight gain improved. The addition of olive and fish oil to soybean, as well as MCT, was of even greater benefit with significantly lower incidence of cholestasis, significant improvement in γ-GT, less persistent hyperbilirubinaemia and significant reduction in CRP. Mixed ILEs should be considered as first choice of treatment in patients at high risk of liver disease and those who may need PN for 427 days.
